Pt-Gd alloy polycrystalline thin film is deposited on 3D nickel foam by pulsed laser deposition method serving as a whole binder/carbon-free air electrode, showing great catalytic activity enhancement as an efficient bifunctional catalyst for the oxygen reduction and evolution reactions in lithium oxygen batteries. The porous structure can facilitate rapid O2 and electrolyte diffusion, as well as forming a continuous conductive network throughout the whole energy conversion process. It shows a favorable cycle performance in the full discharge/charge model, owing to the high catalytic activity of the Pt-Gd alloy composite and 3D porous nickel foam structure. Specially, excellent cycling performance under capacity limited mode is also demonstrated, in which the terminal discharge voltage is higher than 2.5 V and the terminal charge voltage is lower than 3.7 V after 100 cycles at a current density of 0.1 mA cm−2. Therefore, this electrocatalyst is a promising bifunctional electrocatalyst for lithium oxygen batteries and this depositing high-efficient electrocatalyst on porous substrate with polycrystalline thin film by pulsed laser deposition is also a promising technique in the future lithium oxygen batteries research. Two-dimensional Pt-Gd alloy polycrystalline thin film was deposited on three-dimensional nickel foam by pulsed laser deposition method serving as a whole binder/carbon-free air electrode, showing great catalytic activity enhancement as an efficient bifunctional catalyst for the oxygen reduction and evolution reactions in lithium oxygen batteries. The porous structure can facilitate rapid O 2 and electrolyte diffusion, as well as forming a continuous conductive network throughout the whole energy conversion process. It shows a favorable cycle performance in the full discharge/charge model, owing to the high catalytic activity of the Pt-Gd alloy composite and three-dimensional porous nickel foam structure. Specially, excellent cycling performance under capacity limited mode is also demonstrated, in which the terminal discharge voltage is higher than 2.5 V and the terminal charge voltage is lower than 3.7 V after 100 cycles at a current density of 0.1 mA cm -2 . Therefore, this electrocatalyst is a promising bifunctional electrocatalyst for lithium oxygen batteries and this depositing high-2 efficient electrocatalyst on porous substrate with polycrystalline thin film by pulsed laser deposition is also a promising technique in the future lithium oxygen batteries research.
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Introduction
Recently, extensive research has been devoted to the development of next generation lithium oxygen battery owing to its high theoretical energy density. [1, 2] However, it is still of great challenge to achieve high energy efficiency with lower overpotential, and satisfactory cycling performance. [3] The key to solve these problems is to efficiently combine both an appropriate porous air electrode structure and a highly active bifunctional catalyst towards the oxygen reduction reaction (ORR) and the oxygen evolution reaction (OER). [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] From the catalyst point of view, Pt-Gd alloy is a promising catalyst for the ORR, being the most active polycrystalline Pt-alloy reported in the literature so far. [15] [16] [17] This enhancement in activity is considerably higher than that exhibited by Pt x Ni, Pt x Co, or Pt x Fe alloy catalyst, which also revealed several times enhancement compared to polycrystalline Pt. [17] [18] [19] [20] [21] [22] Compared with other rare earth elements, such as La, Y, and Ce, Pt-Gd alloy also exhibits high kinetic catalytic activity owing to the increased compressive strain compared to these other elements in the Pt skeleton structure. [15, 17] However, to our knowledge, there is still no report using PtGd alloy in lithium air battery system as eletrocatalyst. It is also difficult to optimize the specific activity of these small nanocrystals by engineering since these nanocrystals tend to agglomerate and easily detach from the carbon-based support, which will greatly hinder the catalyst activity. Therefore, it is not possible to take full advantage of the catalyst.
Furthermore, the commonly used carbon-based catalyst substrate and binder, such as polyvinylidebe fluoride (PVDF), are not stable in oxygen-riched electrochemical environment in lithium oxygen battery system, surviving nucleophilic attack of high-sensitive intermediated radicals and being decomposed to LiF, LiOH and Li 2 CO 3 .
[ [23] [24] [25] Herein, in this work, we firstly deposited Pt-Gd alloy polycrystalline thin film (PTF) directly on three-dimensional (3D) porous structured cheaper substrate nickel foam by pulsed laser deposition (PLD) method serving as a whole binder/carbon-free high-activity electrode, not only suppressing the formation of irreversible byproducts but also increasing the precious metal catalyst usage effectivity. This PTF catalyst features a thin film, rather than a distribution of discrete and isolated nanoparticles. Due to the polycrystalline catalyst thin film itself and the close packed spacing of the catalyst coating on the substrate, the specific catalytic activity towards oxygen reduction is up to 10 times higher than for 2-3 nm diameter particles, in line with the kinetic activity of polycrystalline or single crystal bulk surfaces. [26] [27] [28] The thin film polycrystalline can be considered as a two-dimensional (2D) thin film array of nanocrystals, which will be even more promising for obtaining more catalytic activity from Pt-Gd alloy composite with the special polycrystalline structure. This carbon and binder-free air-electrode of Pt-Gd alloy catalyst with a polycrystalline thin film on 3D nickel foam (denoted as Ni@PG-PTF), was also firstly used as an efficient bifunctional catalyst for the ORR and OER in lithium oxygen batteries. This designed 3D porous structure can also form a continuous conductive network and improve the adsorption of and immersion in electrolyte on the surfaces of deposited Pt-Gd alloy thin film in order to facilitate the electrode reaction kinetics for high energy conversion. Meanwhile, without any carbon conductive additive and binder, this electrode can also overcome the impedance increase owing to the formation of interfacial Li 2 CO 3 via the reaction of lithium peroxide with carbon.
[25]
Result and Discussion
The morphology and phase of the as-prepared electrode with Pt-Gd alloy PTF was characterized by field emission scanning electron microscope (FESEM), high-resolution transmission electron microscopy (HRTEM) and selected area electron diffraction (SAED), as shown in Fig. 1(a, b) and Fig. S1 . The thickness of the as-obtained Pt-Gd alloy polycrystalline thin film is about 50 nm, and the electrode forms a whole 3D porous structure. The SAED patterns of Pt-Gd alloy PTF (PG-PTF) and polycrystalline Pt PTF (Pt-PTF) exhibit a similar face-centered-cubic (fcc) phase, as shown in Fig. S1 . The energy dispersive X-ray spectroscopy (EDS) of Ni@PG-PTF electrode also shows a similar Pt and Gd uniform distributions in the 3D nickel foam structure as shown in Fig.S2 . Information on the chemical binding from the Pt 4f signal of PG-PTF is given in Fig. S3 , with the peaks deconvoluted into metallic platinum (1 and 1′) and Pt-Gd (2 and 2′) components. Individual columns of atoms and intensity variations across different columns within each particle can be detected in aberration-corrected high-angle annular dark-field (HAADF) images collected by scanning transmission electron microscopy (STEM), which reveal chemical composition variations within individual particles on the atomic scale. The HAADF intensity for each column of atoms is proportional to the product of the square of the average atomic number (Z 2 ) for each column of atoms and particle thickness. [18] As shown in , from the data shown in (a); (d) cyclic voltammogram curves of P-PTF and PG-PTF catalyst in a non-aqueous organic system (1 M LiCF 3 SO 3 in TEGDME). RHE: reversible hydrogen electrode.
Finally, the binder/carbon-free air-electrode Ni@PG-PTF was used as the air electrode for Li-O 2 batteries. The electrochemical properties were then examined in a lithium oxygen cell. The full discharge and charge performances at different current densities are shown in Fig. 3a and Fig. S7 . Ni@PG-PTF exhibited a low discharge-charge gap at current density of 0.05 mA cm -2 , which resulted in excellent round-trip efficiency (78 %) in the first full discharge/charge cycle. The charge plateau of the Ni@PG-PTF is lower than 3.6 V, which is vital for electrochemical energy storage devices. It also exhibits a high discharge specific capacity of ~ 3700 mAh g -1 at a current density of 0.05 mA cm -2 . More importantly, the Ni@PG-PTF also shows excellent cycling performance in the full discharge/charge model at a current density of 0.05 mA cm -2 . After 10 cycles, Ni@PG-PTF still retains a favorable overpotential, the charge plateau is still lower than 3.7 V and the discharge capacity is still up to ~ 2700 mAh g -1 . When the current density is increased to 0.2 mA cm -2 , as shown in Fig. S8 , the Ni@PG-PTF composite also exhibits good full discharge/charge cycle performance, with nearly 2000 mAh g -1 in the first cycle and 1400 mAh g -1 after 9 cycles. However, during 5 cycles full discharge/charge process at a current density of 0.05 mA cm -2 as shown in Fig.S7 , Ni@P-PTF experience a large fall trend and higher OER potential. Compared with Ni@P-PTF, the low overpotential can be attributed from both the high synergistic catalytic activity of Pt-Gd and geometric effects from abundant surface lattice strain/defects. The high capacity results from the coral-like reaction products "grown" on the catalyst thin film, as shown in the FESEM image in Fig. 3b and HRTEM in Fig. S9 . Arrays of coral-like Li 2 O 2 columns with diameters in the range of 100 nm are deposited on the surface of the Ni@PG-PTF. An individual Li 2 O 2 column was investigated using HRTEM and electron diffraction to determine the crystal structure and to further research the formation mechanism of the coral-like column formed in Fig. 3(c, d) . In Fig. 3c The full discharge capacity and overpotential results from previously published works on cathode electrocatalysts are shown in Fig. 4 , including metal oxide, alloy, and precious metal nanoparticles used as electrocatalysts. Although different current densities are used, we can roughly reach the conclusion that air electrode with porous nanostructure always exhibits a high full discharge capacity. That is because porous nanostructure leading to high surface area can provide sufficient space for reaction product deposition. [23, [36] [37] [38] In other words, passivation of activity sites from massive deposits of insulating reaction product is likely to lead to premature cell death, which will further result in large polarization and unsatisfactory cycling performance. [32, 35] Precious-metal-based electrocatalyst shows a lower overpotential than metal oxide and carbon materials, which may be the result of the highly efficient activity. [4, 10, 21] There were also many efforts made to design a carbon-free cathode or ionic liquid electrolyte because undetermined intermediate reaction products formed from high-activity LiO 2 * and electrolyte decomposition. [6, 39, 40] In our work, the carbon-free, binder-free air electrode provides a high discharge capacity together with low overpotential, resulting from both the efficient synergistic catalytic activity and the continuous 3D reaction network. It can also overcome the impedance owing to the formation of interfacial Li 2 CO 3 via the reaction of lithium peroxide with carbon. The cycling performance was also investigated at 0.1 mA cm -2 current density with a fixed specific capacity of 1000 mAh g -1 in Fig. 5(a, b) and Fig. S11 . Compared to the Ni@P-PTF, the Ni@PG-PTF shows a high round-trip efficiency, a high ORR potential (2.62 V), and a low OER potential (3.54 V). Even after 100 cycles, the Ni@PG-PTF still exhibits a lower OER potential. In Fig. 5(b) , the discharge and charge capacities retain stable values, and in addition, the discharge terminal voltage is higher than 2.5 V, while the charge terminal potential is lower than 3.7 V for 100 cycles. This excellent cycling performance can be largely attributed from the high synergistic catalytic activity of Pt-Gd. Meanwhile, the electrolyte stability was also characterized by XPS and Fourier transform infrared (FTIR) spectroscopy at different discharge/charge stages during long-term capacity-limited cycling in Fig. 5(c-e) and (Fig. 5d ) and Li 1s (Fig. 5e) spectra corresponding to Li 2 O 2 that are decomposed in the following charge process, which provides evidence that the reaction mechanism is consistent with the schematic representation shown in Fig. 3 . In the following 40 th and 80 th cycles, an obvious Li 2 CO 3 signal appears in the XPS spectra, as well as the appearance of a LiOH signal in the FTIR (Fig. S10) . According to the published results, ether-based electrolyte is prone to autoxidation from oxygenated radicals, and decomposition occurs above 4 V, leading to the formation of non-reversible reaction products. [41, 24] Although TEGDME solvent is more stable than other organic solvents, such as in carbonate-based electrolytes, and the charge potential in this work is lower than 4 V, a mixture of non-reversible reaction products was formed, largely resulting from the electrolyte instability against high-activity oxygenated radical attack during the reaction process. 
Conclusion
In conclusion, Pt-Gd polycrystalline thin film synthesized by pulsed laser deposition (PLD) exhibits excellent oxygen catalytic activity, owing to the highly efficient Pt-Gd alloy synergistic catalyst activity together with its special polycrystalline structure. Carbon-free, binder-free, air-electrode Pt-Gd alloy polycrystalline thin film on nickel foam was also used as an air electrode. It shows favorable electrocatalyst performance, with a high round-trip efficiency in the full discharge/charge model, owing to the high catalytic activity of the Pt-Gd alloy composite and 3D porous nickel foam structure. Meanwhile, depositing high-efficient electrocatalyst on porous substrate with polycrystalline thin film by PLD is also a promising technique in the future lithium oxygen batteries research.
Experimental Section
Sample preparation: The targets were made by sintering a pressed mixture of platinum 
where j k is the kinetic current and B is the Levich slope, which is given by:
Here, n is the number of electrons transferred in the reduction of one O 2 molecule, F is the ether (TEGDME) was used as electrolyte. The details of assembling the testing system and electrode preparation can be found in our reported work. [23] Polarization curves were obtained from open voltage to the set potential. The above procedure was repeated for each sample. In detail, argon was induced into the electrolyte for 30 min to ensure that the background data was measured in an inert atmosphere. Then, pure oxygen was purged into the electrolyte for 30 min to study the ORR. Solid dried lithium peroxide powder was added to the electrolytic cell while stirring before use for the OER study. multi-channel battery testers at room temperature in oxygen atmosphere, using our designed facility.
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